Abstract: 11
The latitudinal diversity gradient is Earth's foremost biodiversity pattern, persistent 12 across clades and geologic time. Several recent studies have shown that diversification rates are 13 similar among latitudes, and therefore cannot explain the latitudinal diversity gradient. An 14 alternative explanation is that the tropics were colonized earlier than the temperate zone, 15 allowing more time for speciation to build richness. Here we test the diversification-rate and 16 colonization time hypotheses in freshwater ray-finned fishes, a group comprising nearly a quarter 17 of all living vertebrate species and with a longer evolutionary history than other vertebrates. To 18 build a global timeline for colonization and diversification, we performed ancestral area 19 reconstructions on a time-calibrated phylogeny of all ray-finned fishes using occurrence records 20 from over 3,000 freshwater habitats. We found that diversification rates are not systematically 21 related to latitude, consistent with analyses in other groups. Instead, the timing of colonization to 22 continental regions had 2-5 times more explanatory power for species richness than 23 diversification rates. Earlier colonization explains high richness in the tropics, with the 24 Neotropics in particular supporting the most diverse fauna for the past 100 million years. Most 25 extratropical fish lineages colonized shortly after the end-Cretaceous mass extinction, leaving 26 limited time to build diversity even in places where diversification rates are high. Our results 27 demonstrate that evolutionary time, reflecting colonization and long-term persistence of lineages, 28 is a powerful driver of biodiversity gradients. 29 and diversification history to explain spatial richness patterns (Xing and Ree 2017) . 60 Here we reconstruct the history of colonization and diversification globally to explain the 61 latitudinal diversity gradient in freshwater fishes. Freshwater fishes represent nearly a quarter of 62 all vertebrate species (Cavin 2017) and are major components of ecosystems in both tropical and 63 temperate latitudes. In particular, freshwater fishes have features that are conducive to testing 64 both diversification and colonization hypotheses. First, freshwater fishes represent a wider range 65 of ages than other vertebrates (e.g. birds), with some radiations diversifying during the Mesozoic 66 or earlier (Briggs 2005; Berra 2007 ) and others only during the most recent glaciation cycles 67 (Seehausen and Wagner 2014) . Second, freshwater fishes appear to have high diversification 68 rates in general (Miller et al. 2018) , with important groups such as cichlids having especially fast 69 rates (Seehausen and Wagner 2014). Third, freshwater fishes have low dispersal ability due to 70 their restriction to freshwater habitats, and their diversification dynamics likely retain signatures 71 of regional events (Cavin 2017 ). Our study capitalizes on the aggregation of natural history 72 observations and genetic data over many years Rabosky et al. 2018) , 73 allowing us to make comparisons at larger spatial and taxonomic scales than was feasible in the 74 past. 75 diversity gradient found in other major groups ( Fig. 1 ; Spearman's rank correlation between 80 local richness and latitude: rho=-0.27, p<0.001). However, latitude alone only explains about 81 10% of the variance in species richness across basins (Generalized Additive Model [GAM], 82 r 2 =0.092, p<0.001; Fig. 1 ; Table S1 ). Longitude alone had similar explanatory power (GAM, 83 r 2 =0.10, p<0.001). Instead, the interaction between longitude and latitude (i.e. geographical 84 position) explains a higher proportion of the variance in species richness (r 2 =0.26, p<0.001). 85
These results appear to reflect the fact that richness is strikingly high in the Neotropics. For 86 example, the Amazon basin alone contains about twice as many known species as the world's 87 second-most rich drainage basin, the Congo River (2,968 vs 1,554 species, respectively; Fig.  88 2A). This observation prompts a second, related goal in addition to explaining the latitudinal 89 diversity gradient: explaining why richness differs dramatically between realms even at similar 90 latitudes. 91
Present-day differences in species richness among drainage basins might be explained by 92 either the timing of colonization, rates of diversification (speciation minus extinction rate), or 93 both. We first focused on estimating the individual contribution of diversification rates and 94 colonization times in driving the global patterns of freshwater fish richness. We then compared 95 the relative importance of these two processes. 96
To examine the role of diversification rates in explaining the spatial distribution of 97 species richness, we first estimated basin-specific rates using occurrence data for 14,947 extant 98 species across 3,119 freshwater drainage basins ). Generalized Additive 99
Models were used to test whether diversification rates decrease with increasing latitude. We did 100 not recover a latitudinal trend in diversification rates for freshwater fishes ( Fig. 1; Fig. 2B ; Table  101 S1). However, we estimated that 34-51% of the variance in species richness among basins is 102 explained by differences in diversification rates alone (all p<0.001; Table S2 ). Although we 103 found no systematic tendency for tropical basins to experience greater diversification rates than 104 extratropical basins ( Fig. 2B ; Table S2 ), differences in diversification rates have been a relevant 105 driver of spatial differences in species richness in general. 106
As an alternative to diversification rates, we tested if the timing of colonization could 107 also explain spatial patterns of species richness. For example, if a region was colonized early in 108 the history of a clade, it is expected to contain more species than recently-colonized regions due 109 We found that colonization time alone explained 31-32% of the variance in species 117 richness among freshwater basins (GAMs including median or mean colonization time as a 118 predictor of richness with p<0.001; Table S2 ). Furthermore, unlike diversification rates, we 119 found a latitudinal trend in colonization time ( Fig. 1 ). Low-latitudes were colonized earlier by 120 modern fish lineages than higher latitudes on average (median colonization time: r 2 =0.142, rho=-121 0.23, p<0.001; mean colonization time: r 2 =0.271, rho=-0.29, p<0.001; Figs. 1, 2C; Table S1 ). 122
The basins found farthest south, in South America and Australasia, represent an exception to this 123 overall pattern (Fig. 2C ). These basins contain few species but with ancient colonization times 124 (>180 million years) and appear to be relicts of past Gondwanan connections. 125
We found that both diversification rates and the timing of colonization have played an 126 important role in driving the spatial patterns of freshwater fish richness. However, it remains 127 unclear whether or not both processes (diversification and colonization timing) have driven 128 extant diversity across the same set of freshwater basins. For instance, if both diversification and 129 colonization times jointly explain diversity in the most species-rich basins, then one would 130 expect these basins to harbor fast-diversifying lineages that colonized a long time ago. We used 131 spatially explicit regression models to examine the relationship between the timing of 132 colonization and diversification rate across basins. We estimate that colonization times explained 133 24-42% of variance in diversification rates (all p<0.001; Table S3 ), with diversification rates 134 being higher in recently-colonized basins (rho=-0.13--0.06, all p<0.01; Table S3 ). This inverse 135 scaling found between diversification rates and colonization times suggests that richness in 136 recently-colonized basins is being primarily driven by diversification rates. Conversely, richness 137 among basins that have been inhabited for a long time is mainly influenced by the relative timing 138 of colonization, allowing longer time scales to build richness through average or slow rates of 139 diversification. 140
To compare the relative importance of diversification rates and colonization time, we fit 141 GAMs including both variables as predictors of species richness. We found that the present-day 142 distribution of freshwater fish richness across basins, including latitudinal and longitudinal 143 trends, is mainly a consequence of differences in colonization timing and not diversification 144 rates. Specifically, relative to diversification rates, we found that differences in colonization time 145 have contributed 2-5 times more to differences in species richness across basins (based on 146 deviance values for alternative GAM models; Tables S4-S6) . 147
Altogether, these results show that the latitudinal diversity gradient in freshwater fish 148 diversity is driven by earlier colonization to the tropics rather than faster diversification rates. 149
The freshwater habitats of the Neotropics, Afrotropics, and Indo-Malay regions support many 150 species whose parent clades have been present since the Mesozoic Era (252-66 mya; Fig. 2C ). 151
Colonization time also explains the especially high richness of the Amazon River and 152 surrounding basins, with an older median colonization time than that inferred for any African or 153
Southeast Asian basins (Amazon: median colonization time of 159 million years ago; Fig. 2C ). 154
In contrast, 95.4% of basins in the Nearctic and Palearctic regions had a median colonization 155 time after the K-T boundary (66 million years ago). Relatively fast diversification rates seem to 156 explain why some temperate basins (e.g. those found 40-50ºN) have higher richness than 157 expected given their recent colonization ( Fig. 1 ). Still, diversification rates have not been fast 158 enough during this short window of time to build richness rivaling that of the tropics. Overall, 159 the much earlier colonization of tropical regions allowed for greater time for speciation to build 160 richness compared to extratropical regions. 161 162
Regional diversification and colonization dynamics over time:
Given the importance of 163 diversification over long time scales for creating latitudinal and regional diversity differences, 164
we aimed to understand how in-situ diversification has varied over time to build present-day 165 richness. To build a timeline of diversification and lineage accumulation, we used our ancestral 166 area reconstructions to identify the continental region(s) where individual speciation events 167 occurred. We then calculated a rolling per-capita rate of diversification over the past 200 million 168 years for each region (Xing and Ree 2017). We compared diversification dynamics inferred 169 using this approach to those from region-specific subtrees made by simply removing all species 170 not found in each region. 171
Both approaches show that the Neotropics have been the most diverse terrestrial realm 172 for at least the past 100 million years ( Fig. 3; Fig. S3 ). While Neotropical diversification rates 173 are not especially high ( Fig. 2B; Fig. S4 North African deserts (Fig. 2) . 209 210 Clade-specific diversification dynamics: The world's freshwater fish communities are primarily 211 dominated by two clades: the Otophysi and the Percomorpha (Fig. 4A) . The Otophysi are a 212 monophyletic radiation dating to the early Cretaceous and include minnows (Cypriniformes), 213 catfishes (Siluriformes), tetras (Characiformes), and knifefishes (Gymnotiformes). Almost all 214 species are exclusive to freshwater and are therefore thought to have limited potential for 215 dispersal (Chen et al. 2013) . In contrast, Percomorpha has marine origins (Carrete Vega and 216
Wiens 2012), with many lineages invading freshwater independently and at different times in 217 geologic history. These lineages include cichlids, guppies, darters, bettas, and many others 218 (Berra 2007) . The three major tropical regions (Neotropics, Afrotropics, and Indo-Malay) were 219 colonized by both otophysan and percomorph lineages during the Cretaceous (Fig. 5; Fig. S5) , 220
with the most likely region-of-origin for Otophysi in the Neotropics. Thus, both Otophysi and 221 Percomorpha contribute to the early median colonization times for tropical drainage basins ( Fig.  222 2C) despite the older age of the former. 223
We calculated per-capita rates of diversification for Otophysi and Percomopha to assess 224 how each group has contributed to the dynamic seen for each region as a whole. In spite of the 225 contrasting histories of these clades, their diversification dynamics were congruent in the 226 Neotropics, Indo-Malay, and Nearctic regions (Fig. 4B ). In the other three regions, there were 227 interesting contrasts between each clade's dynamics. Occurrence and phylogenetic data: Expert-vetted occurrence records of freshwater  321  actinopterygian species were assembled by Tedesco et al. (2017; see also the Freshwater  322 Biodiversity Data Portal, http://data.freshwaterbiodiversity.edu/). Records were available for 323 3,119 freshwater drainage basins covering 80% of the Earth's surface ( Fig. 2A) . We removed 324 non-native records and uncertain records. Altogether, occurrence records from 14,947 species of 325 freshwater fishes were used to estimate richness and diversification rates of basins. Australasia, Nearctic, and Palearctic (Fig. 3) . Species restricted to marine environments were 350 coded as occurring in a seventh "marine" region. These species inform the timing of colonization 351 of freshwater regions from the marine realm ( Fig. S1 ) but were otherwise not of interest. We 352 used the maximum clade credibility phylogeny including species with genetic data only 353 (Rabosky et al. 2018 ), because semi-random grafting of unsampled species is inappropriate for 354 comparative methods that model the evolution of traits associated with the tips (Rabosky 2015) . 355 We set restrictions on dispersal among regions in concordance with rearranging plate tectonics 356 through time (following Toussaint et al. 2017 ; Table S7 ). To count events and incorporate 357 uncertainty in the ancestral area reconstructions in downstream analyses, we simulated 100 358 possible biogeographic histories ("stochastic maps") informed by the model fit and phylogeny 359 (Dupin et al. 2016 ). To summarize the amount of evolutionary time associated with each basin 360 (Fig. 2C) , we first traced each species back in time to the colonization of the major region(s) it 361 inhabits; each species was given a mean colonization time across the 100 stochastic maps. 362 We used alternative Generalized Additive Models (GAMs) to understand the 363 relationships among latitude and longitude, local richness, basin-specific rates of diversification 364
(13 alternative estimates per basin) and colonization time (2 alternative estimates per basin). 365
First, we fit GAMs to examine the change in species richness, net diversification rates, and 366 colonization time with latitude, longitude, and both (i.e. the interaction between longitude and 367 latitude). We fit univariate GAMs between predictor (latitude or longitude) and response 368 variables (species richness, net diversification rates, or colonization time). Models that included 369 the interaction between longitude and latitude as predictors used the smooth term between 370 coordinates for each basin (e.g. s(long,lat) in GAM models). We log-transformed richness and 371 diversification values, and used raw values of colonization times in all models. We analyzed 372 absolute values of latitude in models that did not assume the interaction with longitude. 373
Univariate GAMs were fitted using the gam function in the mgcv package in R (base; R 374 Development Core Team 2019; Wood 2011). We also performed Spearman's rank correlation 375 tests (using the "cor.test" function in R) between latitude and either species richness, net 376 diversification rates or colonization times. Second, we analyzed the relationships between basin 377 richness and net diversification alone, and richness and colonization time alone. To account for 378 spatial autocorrelation, we included a smoother term that summarized the interaction between 379 latitude and longitude in each basin (e.g. s(long,lat) in GAM models). Third, we examined the 380 relationship between net diversification rates and colonization time among basins. We also 381
performed Spearman's rank correlation tests between diversification rates and colonization time 382
to quantify the strength and direction of the association between these variables. Fourth, we 383 compared the relative importance of colonization time and diversification rates for explaining 384 richness among basins by including both variables as predictors of richness in GAMs. In total, 385 we analyzed 42 different spatially-explicit GAM models. Our approach, which is based on the 386 comparison of deviance estimates between alternative models, account for the non-independency 387 between colonization times and diversification rates. More details of model fitting and model 388 results can be found in the Extended Methods (Supporting Information) and Tables S1-6. 389 390
Regional diversification dynamics through time: Estimating diversification associated with a 391 single region is challenging because regions contain multiple clades of various origin. In 392 addition, common approaches for estimating diversification dynamics of a clade may not capture 393 in-situ diversification dynamics because nested lineages may leave a region and diversify 394 elsewhere, rendering the parent clade paraphyletic. Models that co-estimate diversification and 395 complex colonization dynamics are presently limited to two-region comparisons (Cataeno et al. 396
2018). We took two approaches to estimating regional diversification in light of these issues. 397
First, we used our ancestral area reconstructions to count splitting events occurring in each 398 region during 2-million year time bins across the phylogeny. Following Xing and Ree 2017, we 399 calculated a per-capita in-situ diversification rate for each region as the number of speciation 400 events occurring in the region within the time bin divided by the number of lineages present in 401 the region in the previous time bin. Diversification dynamics were summarized across the 100 402 stochastic maps to visualize uncertainty in the reconstructions (Fig. 4) . Second, we made a 403 subtree for each region by simply removing all species in the phylogeny not found in that region. 404 We then used BAMM v.2.5.0 (Rabosky 2014) to estimate diversification rates through time for 405 each regional phylogeny individually. Unlike our first approach, BAMM can correct for 406 incomplete sampling. However, the first approach may be more appropriate when colonization is 407 frequent, because it can be difficult to estimate the region where speciation took place without 408 ancestral area reconstructions. Both approaches yielded consistent diversification dynamics 409 through time, and in comparison to other regions (Figs. S3, S4 ). 410
Diversification declines towards the present were detected in some regions (Figs. 3, 4 ). 411
To test if these declines could be the result of incomplete sampling, we calculated the gamma 412 statistic and performed the Monte Carlo constant rates test to obtain a corrected p-value (Pybus 413 and Harvey 2000). We calculated gamma separately for each of the clades that comprised most 414 of the diversity of each region (Fig. S5 ). Each regional radiation was identified using ancestral 415 area reconstructions and was descended from a single colonization of the region (lineages 416 leaving the focal region were removed from clade subtrees). 417 We tested the hypothesis that past continental flooding left a signature on speciation or 418 extinction rates in the molecular phylogeny. We fit constant, time-dependent, and environmental-419 dependent models of diversification to regional phylogenies using RPANDA v. Table S9 for model details). Environmental-dependent models 421 related speciation and extinction rates to the area of continent covered by the ocean over time 422 (Fig. 5; Ronov 1994) . Continental flooding estimates were available for some landmasses 423
individually (corresponding to the six present-day biogeographic regions) in addition to the 424 estimates for Laurasia and Gondwana used for visualization (Ronov 1994 ; Fig. 5; Fig. S6 ). 425
Relative model fits were compared using Akaike weights (Table S9) ). Colonization timing of major regions was inferred from ancestral area reconstructions 595 (Matzke 2014 ); values represent the mean regional colonization time for species in each basin 596 (Fig. 2C ). 597 598 599
